I.. Introduction
================

Reactors with structured elements on the micro- and milli-scale are increasingly used for the continuous manufacturing of chemicals and pharmaceuticals,[@cit1]--[@cit4] due to their advantages like large specific surface area, enhanced heat/mass transfer, intrinsic safety and fast scale-up.[@cit5]--[@cit7] Despite these advantages, one major drawback greatly limiting their application is their susceptibility to channel clogging for flows containing solid particles.[@cit8]--[@cit10] This problem needs to be addressed as a significant portion of industrial processes involves solids (*e.g.* catalysts, solid reactants, products or by-products).[@cit11],[@cit12] For example, about 80% of pharmaceuticals and 60% of fine chemicals are manufactured in crystalline form.[@cit13] Several strategies have been proposed to circumvent the clogging issue, such as using multi-phase flow,[@cit14],[@cit15] modifying the wettability of the channel surface,[@cit8],[@cit11] and ultrasound (US) actuation.[@cit16]--[@cit18] Low frequency (18--200 kHz) US has been proven as an effective method to prevent channel clogging by exploiting its strong cavitation effect, which stirs the fluid in the channel[@cit19],[@cit20] and leads to breakup of particle agglomerates.[@cit16],[@cit21] However, continuous sonication with low frequency US leads to a considerable temperature increase (from a few tens to a hundred degrees centigrade) inside the fluidic channels, due to the high acoustic power input (usually in the range of 10--1000 W).[@cit16],[@cit19] Consequently, controlling the temperature in these ultrasonic microreactors is crucial to enable their application to temperature sensitive reactions.

High frequency US, using frequencies in the order of MHz, is a more energy effective way to manipulate particles. It is known as acoustophoresis or acoustofluidics and has been widely studied in microfluidics, as reviewed in a series of 23 tutorials in *Lab on a Chip*.[@cit22] An ultrasonic standing wave is formed in these chips and the generated acoustic radiation force pushes particles to the pressure node.[@cit23]--[@cit25] Acoustophoresis is proven to be a simple, generic and robust strategy to separate,[@cit26] concentrate,[@cit27] position and trap[@cit28] biological cells and micro-particles.[@cit29],[@cit30] However, besides these bio/chemical analysis and clinical applications, the effect of acoustophoresis on material synthesis and clogging in microreactors has not been studied. In this paper, an acoustophoretic microreactor is built and applied to particulate material synthesis by utilizing the standing wave to focus the produced particles in the channel center, thereby avoiding solid deposition on the channel walls (as depicted in [Fig. 1](#fig1){ref-type="fig"}). This focusing effect would not only prevent solid clogging in the channel, but also result in a more uniform residence time distribution of the particles. The latter is very important as microreactors are usually characterized by laminar flow, with the corresponding parabolic velocity profile resulting in a wide residence time distribution,[@cit31] which is also reflected in a broad particle size distribution.[@cit32],[@cit33] As we show in this work, applying acoustophoretic focusing results in a more uniform residence time distribution and correspondingly narrower particle size distribution.

![Structure and working principle of the ultrasonic microreactor. (a) Schematic of the standing acoustic wave in both the width and depth direction, which focuses the suspended particles to the center of the channel cross-section. (b) Photograph of the fabricated reactor, with nanoports providing the fluidic connections. (c) Sketch of the cross-section of the designed reactor, the height of each layer is indicated relative to the design wavelength. (d) Sketch of the top view of the microreactor (dimensions in mm). The red dashed circles indicate the position of inlets and outlet. The blue dashed rectangles indicate the position where images are taken to characterize the particle focusing in each channel section.](c8lc00675j-f1){#fig1}

In conclusion, we apply the acoustophoretic force to manage solid particles and control the material synthesis process in a microreactor. For this, an energy efficient ultrasonic microreactor limiting the fluid temperature increase during sonication was built. Compared to acoustofluidic chips for bio/chemical applications where the sonicated channel has a simple structure and relatively small volume (normally below 5 μL, see details in ESI[†](#fn1){ref-type="fn"} section 1), our reactor has a large liquid volume (105 μL) and a complex channel geometry, which is sonicated in its entirety, and therefore provides high throughput. At first, inert polystyrene particles were injected into the reactor to characterize the acoustic focusing efficiency depending on particle size, flow rate and applied ultrasound power. Then two model material synthesis processes, the reactive precipitation of calcium carbonate (CaCO~3~) and barium sulfate (BaSO~4~), were performed. The effect of ultrasound focusing on the pressure drop (which reflects channel clogging) and the particle size distribution was studied.

II.. Materials and methods
==========================

A.. Acoustophoresis microreactor design
---------------------------------------

An acoustofluidic system is usually fabricated by simply gluing a piezoelectric transducer to a microfluidic chip. However, to achieve maximum energy efficiency of the device, the choice of the material and the design of the geometrical parameters are extremely important as the acoustic field in the device is very sensitive to them.[@cit34]--[@cit37] Here, we follow the design principle of a layered acoustic resonator, as introduced in Lenshof *et al.*\'s tutorial review.[@cit34] A standing wave (with a half or quarter wavelength) is formed in the thickness direction of each reactor layer, thus minimizing the acoustic energy loss and maximizing the acoustic pressure amplitude in the channel. As shown in [Fig. 1(c)](#fig1){ref-type="fig"}, the piezo plate layer has a thickness of a half wavelength, which means it works at its first thickness resonance mode, producing a strong electromechanical coupling with large displacement amplitude. Both the matching layer (the silicon reactor plate) and the cover layer (glass plate) have a thickness of a quarter wavelength, which maximizes the acoustic energy transmitted to the fluid channel.[@cit38] In the transversal direction, there is also a resonance mode in the silicon reactor, whose width matches 6 wavelengths. These resonance modes in both the thickness and transversal direction of the reactor generate a strong two-dimensional half standing wave in the square channel. In this way, the particles suspended in the fluid can be focused to the center point of the channel, as shown in [Fig. 1(a)](#fig1){ref-type="fig"}. To maximize the resonance efficiency, the reactor material should have a much larger acoustic impedance compared to the fluid (to facilitate wave reflection at the channel wall) and also a high-quality factor value representing a low acoustic loss.[@cit34] Therefore, silicon was chosen for the reactor layer and glass for the cover layer, with their material properties listed in [Table 1](#tab1){ref-type="table"}.

###### Material properties[@cit34] and sizes for different layers of the reactor

  Layer        Material   Acoustic impedance (10^6^ Ω)   Wave-length (mm)   Designed thickness (*λ*)   Designed thickness (mm)   Actual thickness (mm)
  ------------ ---------- ------------------------------ ------------------ -------------------------- ------------------------- -----------------------
  Cover        Glass      12.6                           4.62               1/4                        1.16                      1.10
  Fluid        Water      1.49                           1.23               1/2                        0.61                      0.60
  Reactor      Silicon    19.8                           6.95               1/4                        1.74                      1.79
  Transducer   PZ26       31.4                           3.34               1/2                        1.67                      1.67

During the design process, the area and thickness of the piezoelectrical transducer (80 × 20 × 1.67 mm^3^, Pz26, Ferroperm, Denmark) was selected first. The fundamental resonance frequency of this piezo plate is 1.22 MHz, which was chosen as the design frequency of our resonant reactor. The thickness of the silicon, fluid and glass layer was then determined by the fraction of the wavelength corresponding to this frequency, as shown in [Table 1](#tab1){ref-type="table"}. However, due to the difficulty of purchasing commercial silicon and glass plates with this exact thickness, the fabrication process was continued with plate thicknesses close to the designed values ([Table 1](#tab1){ref-type="table"}). The square fluidic channel (0.6 × 0.6 mm^2^) was fabricated in the silicon plate by plasma etching. The glass cover plate was then anodically bonded to seal the channel. The piezoelectric transducer was coupled to the back of the silicon plate by using epoxy glue (301, Epotek) cured at room temperature for one day. Two wires were soldered to the piezo plate for electrical actuation, as shown in [Fig. 1(b)](#fig1){ref-type="fig"}. The configuration of the microchannel on the silicon plate is shown in [Fig. 1(d)](#fig1){ref-type="fig"}. The meandering main channel consists of five parallel straight channel sections (labeled as CH1, CH2, CH3, CH4 and CH5), which are connected by semicircular bends (radius 1.67 mm), resulting in a total channel length of 292 mm and a volume of 105 μL. The reactor has three inlets and one outlet. A nanoport was glued to each inlet/outlet, which was then connected to PTFE tubing (OD 1/16′′, ID 1000 μm for the inlets and ID 500 μm for the outlet).

To characterize the resonance modes of the reactor, the admittance curve of the fabricated reactor was measured, along with that of the piezo transducer, as depicted in [Fig. 2](#fig2){ref-type="fig"}. In the admittance curve of the transducer, significant resonance peaks were observed around 1.20 MHz, which is close to its theoretical fundamental resonance frequency (98%). After coupling the transducer to the silicon/glass reactor, the main resonance peak shrinks, but still stays at around 1.20 MHz. This indicates that the resonance frequency of the whole reactor closely matches the one of the transducer, which validates the layered resonator design. It is worth noting that the resonance peaks are slightly changed when the reactor is connected to the entire setup *via* nanoports and tubing, as also shown in [Fig. 2](#fig2){ref-type="fig"}. As discussed in the later sections, it was found that the optimum operating frequency for particle focusing is 1.21 MHz, which is close to this measured resonance frequency (99%).

![Admittance curves for the piezoelectric transducer, the stand-alone reactor, and the reactor with fluidic connections (nanoports and tubing).](c8lc00675j-f2){#fig2}

B.. Experimental setup and procedures
-------------------------------------

The piezoelectrical transducer was actuated by a power amplifier (1040L Bell Electronics) driven with a sinusoidal wave from a signal generator (33500B, Keysight). A digital oscilloscope (DSOX1102A, Keysight) was used to monitor the applied voltage and the working frequency. The applied net power on the reactor was measured by a power coupler (E&I CPL-LF). For the applied voltage range of 9--25 Vpp (peak-to-peak voltage) in our experiment, the measured input power is 0.3--3.3 W, which is nearly one order of magnitude lower than that of most low frequency ultrasonic reactors.[@cit16],[@cit18],[@cit19] It is worth noting that no cavitation was observed due to the low applied power and high US frequency. Microscopy images of the particles in the microchannel were acquired by using a multifunctional stereo microscope (SZ25 Nikon) equipped with a controller to accurately position the objective vertically (*Z*-position) and a high-speed camera (Mini UX100, Photron). The reactor was placed horizontally on the microscope base, which is illuminated from the top of the glass cover plate by an epi-illumination system.[@cit39] During the experiment, the objective focus was adjusted to the center of the fluidic channel using the *Z*-position controller. For imaging of the fluorescent polystyrene particles (Nile Red, Spherotech), a P2-EFL RFP Filter Cube was used. The typical position of the images taken at the five channel sections is indicated by the dashed rectangles in [Fig. 1(d)](#fig1){ref-type="fig"}.

For the experiments using the inert polystyrene particles, a suspension of polystyrene spheres (average size: 2, 3 and 10 μm, Spherotech) in deionized water was injected into the microchannel through inlet 1 by a syringe pump. Tween20 (0.01 wt%) was added to the solution as a surfactant to reduce the adhesion of the microspheres to the channel wall. Before injection into the microreactor, the microsphere suspension was first sonicated in an ultrasonic bath and then continuously stirred to prevent settling. After each experiment, the reactor channel was washed first with ethanol and then deionized water.

For the synthesis of CaCO~3~, two aqueous solutions of CaCl~2~ and Na~2~CO~3~ were injected into the reactor through inlets 1 and 2. The molar concentrations (12 mM or 32 mM) and flow rates (0.2--1.2 ml min^--1^) of the two solutions were identical. To measure the pressure drop across the channel length, a microfluidic pressure sensor (PS2-15 psi, Elveflow) was connected to the PTFE tube at inlet 2. The pressure sensor has an accuracy of 2 mbar and the data was recorded at a frequency of 1 Hz. To measure the particle size distribution a semi on-line method was used. The slurry at the outlet of the reactor was directly delivered to the dispersion cell (Hydro SV, Malvern) of a Malvern 3000 laser sizer. The collected sample (with a volume of 1 ml) was then measured immediately. The cell was filled with 6 ml ethanol to dilute the sample and to minimize the continued reaction in the cell. Before collecting the sample, the system was run for 5 reactor volumes to ensure steady-state. Each condition was measured three times and only the average result was used. After each experiment, the reactor was washed first with diluted hydrochloric acid and then deionized water to ensure complete removal of the particles. In a subsequent step we investigated the synthesis of BaSO~4~, which follows an analogous experimental procedure as for CaCO~3~. Aqueous solutions of BaCl~2~ and Na~2~SO~4~ (at equal concentrations of 5 mM) were injected into the reactor. For the determination of the particle size distribution samples of 0.8 ml were collected at the reactor outlet using the dispersion cell (Hydro SV, Malvern), which was initially filled with 6 ml pure water. After each experiment, the reactor was first flushed with water and then thoroughly washed with Na~4~EDTA (0.2 M), which chelates BaSO~4~ and forms a soluble barium-EDTA complex, thus removing any remaining particles from the channel.[@cit40]

III.. Results and discussion
============================

A.. Inert particle focusing
---------------------------

The acoustophoretic focusing effect of the ultrasonic microreactor was first investigated with inert polystyrene particles. At the beginning, a suspension of 10 μm particles (1,25 g L^--1^) was continuously fed into the microchannel. Subsequently, the actuation frequency of the piezoelectric transducer was swept in a value range centered around the design frequency to identify the optimum condition. The strongest particle focusing effect was observed at a frequency of 1.21 MHz, which was then chosen for all experiments. The effect of ultrasound on particle focusing is shown in [Fig. 3](#fig3){ref-type="fig"}, which depicts microscopy images taken in the center of the first channel (CH1). Without US actuation, the particles are randomly distributed in both the width and depth direction. Upon US irradiation the particles are pushed towards the channel centerline by the acoustophoretic force. The acoustophoretic force magnitude scales with the applied voltage, at 9.3 Vpp the particles are focused in the depth direction, but not yet fully in width direction, while at 15 Vpp a distinct focusing band is observed which indicates strong focusing in both directions. As it is also observed in [Fig. 3](#fig3){ref-type="fig"}, the focusing extent does not change when increasing the particle concentration from 0.63 g L^--1^ to 3.13 g L^--1^, which indicates that the acoustic focusing method is applicable to a range of particle concentrations. [Fig. 4](#fig4){ref-type="fig"} shows images of polystyrene particles of different mean sizes (*d* = 2, 3, and 10 μm) at different positions in the microchannel. It is observed that the length needed to focus the particles depends on their size, for the smallest considered particles of 2 μm the focusing band is only observed from the 4th straight channel section (CH4) on. This is expected, as the acoustophoretic force changes linearly with the particle volume, which means the smaller the particle size, the weaker the acoustic force (see also ESI[†](#fn1){ref-type="fn"} section 5).[@cit23],[@cit41] Consequently, the acoustic force is the strongest for the 10 μm particles, which leads to cluster formation in the focusing band for long US exposure, visible in the channel sections CH4 and CH5 in [Fig. 4](#fig4){ref-type="fig"}. This cluster formation is caused by the combined action of the primary and secondary acoustic radiation forces, the latter attracting particles to each other when they are close enough.[@cit23],[@cit42] This phenomenon has been widely reported in acoustic trapping systems which are usually operated at low flow rates (or stagnant conditions) with long US exposure time.[@cit28],[@cit34]

![Microscopy images of inert polystyrene particles in the microchannel at position CH1 for different applied voltages and particle concentrations. The average size of the polystyrene particles is 10 μm. The flow rate is 0.05 ml min^--1^ and the flow direction is from left to right. The darker area at the top and bottom of each image is caused by a shadow from the channel side walls.](c8lc00675j-f3){#fig3}

![Microscopy images of inert polystyrene particles in the microchannel at different positions (CH1--CH5) and for three different particle sizes. The particle concentration is 0.63 g L^--1^, with an applied US voltage of 15 Vpp. The flow rate is 0.1 ml min^--1^.](c8lc00675j-f4){#fig4}

To quantitively characterize the particle focusing extent, images of fluorescent polystyrene particles were taken along the microchannel. These images were post-processed in MATLAB by averaging the gray value along the length of the captured channel section, generating a fluorescence intensity profile in the channel width direction, as shown in [Fig. 5(a)](#fig5){ref-type="fig"}. The particle focus band is then represented by the gray value peak in the profile. The full width at half maximum (FWHM) of the peak was then chosen to quantify the width of the focusing band, with lower values representing higher focusing extent. The development of the focusing extent along the microreactor for different applied voltages (9.3--25 Vpp) and mean particle sizes (*d* = 2,3, and 12 μm) is shown in [Fig. 5(b) and (c)](#fig5){ref-type="fig"}. For all investigated conditions, the FWHM decreases with increasing channel length, reaching a final width of 20--40 μm (indicated by the dashed horizontal lines in [Fig. 5(b) and (c)](#fig5){ref-type="fig"}). The quantified focusing extent confirms the observations from [Fig. 4](#fig4){ref-type="fig"}, a higher applied voltage and larger particle sizes result in lower FWHM, in other words, stronger focusing extent. Furthermore, the particle focusing time, *t*~F~, can be calculated as:![](c8lc00675j-t1.jpg){#ugt1}where *ν* is the average fluid velocity and *L*~F~ is the channel length where the FWHM curves in [Fig. 5](#fig5){ref-type="fig"} reach their final stable value, *i.e.* the focusing time quantifies how long it takes to focus the particle suspension to a stable band. As shown in [Fig. 6](#fig6){ref-type="fig"}, the focusing time is in the range of a few tens of seconds, and decreases with increasing applied voltage and mean particle size. It is found that the flow rate has less impact on the focusing time, which only decreases slightly when increasing the flow rate (see ESI[†](#fn1){ref-type="fn"} Fig. S2).

![Characterization of the particle focusing extent by fluorescence imaging. (a) A typical image of the fluorescent particle distribution. The curve on the right is the average gray value profile in the channel width. The dashed lines show the boundary of the channel. (b) and (c) Change of the focusing extent (FWHM) along the microreactor for different US voltages and mean particle sizes. The particle size in Fig. 5(b) is 12 μm. The applied voltage in Fig. 5(c) is 15 Vpp. Dashed horizontal lines indicate the final stable focusing level. Dashed vertical lines show the range of the five straight microchannel sections. Each point represents an average of 3 images, with the error bar indicating the standard deviation. The flow rate for all experiments is 0.1 ml min^--1^.](c8lc00675j-f5){#fig5}

![Influence of (a) applied US voltage and (b) mean particle size on the focusing time *t*~F~. The particle size in Fig. 6(a) is 12 μm. The applied voltage in Fig. 6(b) is 15 Vpp.](c8lc00675j-f6){#fig6}

In summary, these inert particle experiments validate the layered resonator design, where the two-dimensional standing wave focuses the particles to the channel centerline. The parametric study of particle size, concentration, flow rate and applied voltage offers guidelines for the subsequent application to particle synthesis. Furthermore, it is worth noting that due to the high energy efficiency and low power input of this ultrasonic reactor, the temperature increase is limited to a maximum of 6 °C for long-term experiments (see ESI[†](#fn1){ref-type="fn"} Fig. S1).

B.. CaCO~3~ synthesis
---------------------

To evaluate the influence of this acoustophoretic focusing effect on particulate material synthesis, the precipitation of calcium carbonate (CaCO~3~) was chosen as a model process. In fact, CaCO~3~ is a very important product and has been widely used amongst others as filler material for paint, plastic, paper and bio-ceramic.[@cit43],[@cit44] Such industrial applications always require well-defined CaCO~3~ powders with uniform shape and size.[@cit45]--[@cit47] As revealed by the inert particle focusing experiments, the designed ultrasonic microreactor focusses the particles on the centerline of the microchannel, from which a more uniform particle residence time distribution and correspondingly narrower particle size distribution is expected. Furthermore, particle focusing will also prevent solid deposition on the channel walls, thus preventing clogging. To address the latter, the pressure drop across the microreactor was measured during the particle synthesis process in silent and sonicated conditions, see [Fig. 7](#fig7){ref-type="fig"}. With no US applied, the pressure drop increases rapidly and reaches a level of approximately 4.5 times of the single phase (pure solvent) pressure drop after a time corresponding to 40 reactor volumes, and afterwards fluctuates around this level. While no complete channel clogging was observed, the flow rate was found to fluctuate and sometimes leakage was induced at the inlet of the reactor. When applying US at 15 Vpp the pressure drop is stable for a long time. Only a slight increase (about 25%) is observed after 140 reactor volumes. The rapid increase of the pressure drop without US is caused by particles adhering to the channel wall, which bridge with flowing particles in the fluid to form large agglomerates, resulting in more particles accumulated in the channel, as shown in Fig. S3(a).[†](#fn1){ref-type="fn"} The fluctuation of pressure drop is due to the periodic build up of agglomerates and their subsequent removal once the pressure reaches a large enough value. When US is applied, the acoustophoretic force focuses the particles to the center, preventing particle attachment to the channel wall, as shown in Fig. S3(b).[†](#fn1){ref-type="fn"} Thus, fewer agglomerates are formed and no particles are retained in the microchannel, resulting in stable pressure over time.

![Normalized pressure drop Δ*P*/Δ*P*~0~ (Δ*P*~0~ indicates the single phase flow pressure drop at the applied flow rate) in function of the operation time during CaCO~3~ synthesis without sonication and with sonication. The reactant concentrations were 32 mM, and the total flow rate was 0.8 ml min^--1^.](c8lc00675j-f7){#fig7}

The size distribution of the produced particles was then analyzed using laser diffraction, as shown in [Fig. 8](#fig8){ref-type="fig"}. The average size (*D*~50~) and the span (*D*~90~--*D*~10~) of the distribution is depicted in [Fig. 9](#fig9){ref-type="fig"}. It is observed that the particle size distribution is multimodal, and consists of a population of primary particles in the nanometer range and a population of aggregates in the size of 1--100 μm (which can also be seen in the SEM images of Fig. S4[†](#fn1){ref-type="fn"}). Without sonication, the amount of aggregates increases with increasing flow rate, leading to larger average size and span at higher flow rate, as shown in [Fig. 9](#fig9){ref-type="fig"}. This observation agrees with another study reporting the precipitation of CaCO~3~ particles in a segmented flow tubular mini-reactor.[@cit45] Increased flow rates leads to improved mixing, which will result in an increased particle concentration and thus an increased probability for particle agglomeration.

![Effect of US on the CaCO~3~ particle size distribution at different flow rates.](c8lc00675j-f8){#fig8}

![Effect of US on average CaCO~3~ particle size (*D*~50~) and span (*D*~90~--*D*~10~) at different flow rates.](c8lc00675j-f9){#fig9}

Upon ultrasound actuation, a similar mean particle size and span of the size distribution is observed independent of the applied flow rate (see [Fig. 9](#fig9){ref-type="fig"}). The reduction in mean particle size and span is especially pronounced at increased flow rates (0.8 and 1.2 ml min^--1^). At these flow rates, the number of primary particles is remarkably increased and only a limited amount of micro-sized aggregates are formed. The size range of the primary particles is also reduced by sonication, with the minimum size approaching 50 nm at a flow rate of 1.2 ml min^--1^. The significant reduction of average particle size and span under sonication at higher flow rate can be explained by the acoustophoretic focusing effect. As discussed earlier, when the reacting particles are focused to the channel centerline, they will experience a higher velocity and a narrower velocity distribution (compared to the original parabolic velocity profile without sonication), resulting in a shorter growth time and more uniform residence time distribution. It is also worth noting that the acoustophoretic force and hence the desired focusing effect experienced by the CaCO~3~ particles is larger compared to polystyrene particles (see ESI[†](#fn1){ref-type="fn"} section 5).

For the lowest flow rates of 0.4 and 0.6 ml min^--1^ no significant difference between the size distribution with and without sonication is observed in [Fig. 8](#fig8){ref-type="fig"} and [9](#fig9){ref-type="fig"}. This is due to two reasons: firstly, the lower flow rates also result in reduced mixing in the T-junction of the microreactor, and thus, as outlined above, reducing the particle concentration and therefore also the probability of forming agglomerates. Secondly, when no US is applied clusters of particles are formed in the microchannel (see ESI[†](#fn1){ref-type="fn"} Fig. S5), which are not observed under sonication. However, these clusters are not fully aggregated yet, and therefore break-up during stirring in the laser-diffraction measurement, and are thus not captured in [Fig. 8](#fig8){ref-type="fig"} and [9](#fig9){ref-type="fig"}. This visual observation of a favorable US effect even at lower flow rates indicates that acoustophoretic focusing enables the synthesis of smaller particles with narrower size distribution in a wide flow rate range.

C.. Application potential
-------------------------

The developed acoustophoretic microreactor has the potential to be applied to a wide range of material synthesis processes. However, special attention has to be paid to its operational window with respect to parameters like particle size, particle concentration and applied ultrasound voltage. It is reported that the acoustophoretic focusing effect mainly works for particles in the size range of 0.2--100 μm.[@cit23],[@cit34] For sizes below this range, the radiation force is too small to obtain efficient focusing as it scales linearly with the particle volume (see ESI[†](#fn1){ref-type="fn"} section 5). For sizes above this range, the effect of gravity will increase and sedimentation may occur, especially for particles with large density.[@cit34]

With respect to the particle concentration, acoustic focusing is not significantly affected up to a particle volume fraction of 1%.[@cit48] Increased void fractions will lead to a significant local change of the suspension density (and therefore its speed of sound). In turn, it will have detrimental effects on the acoustic field and can suppress the formation of a stable standing acoustic wave in the channel cross-section.[@cit48],[@cit49] Furthermore, large particle void fractions will also increase the effect of the secondary radiation force,[@cit28] which results in attractive particle--particle interaction and therefore increased agglomeration. As outlined above, agglomeration might increase the particle size outside the range where the acoustophoretic force can be applied successfully. In our focusing experiments with polystyrene particles we varied the concentration between 0.63--3.13 g L^--1^ (see [Fig. 3](#fig3){ref-type="fig"}), which corresponds to void fractions between 0.06--0.3%, and therefore well below the threshold of 1%.

The applied ultrasound voltage for acoustofluidic focusing applications is in the range of 10--50 Vpp. When exceeding these values the influence of acoustic streaming (which scales with the applied US voltage) might become significant.[@cit50] Besides, operating microreactors with large applied voltages requires active cooling measures to control the reactor and fluid temperature.

The synthesis of BaSO~4~ was investigated to further prove the applicability of the developed acoustophoretic microreactor. This particle synthesis process is chosen because the particle sizes reported in literature and used in industry is in the range of 1--20 μm,[@cit51],[@cit52] which falls in the operating size range of acoustic focusing outlined above. More importantly, BaSO~4~ is a very dense material (4.5 g cm^--3^), which corresponds to a 66% increase compared with the density of CaCO~3~ (2.71 g cm^--3^). However, the strength of the acoustophoretic force for BaSO~4~ is only 13% higher than that for CaCO~3~ particles of the same size (see ESI[†](#fn1){ref-type="fn"} section 5). Therefore, this system allows to evaluate the efficiency of acoustophoretic focusing acting against gravity for high density particles.

The experimental procedure for the BaSO~4~ synthesis is similar to CaCO~3~, with an applied US voltage of 30 Vpp. The resulting particle size distribution at flow rates of 0.8 ml min^--1^ and 1.2 ml min^--1^ is shown in [Fig. 10](#fig10){ref-type="fig"}. The size distribution without sonication consists of a population of primary particles in the size range 0.1--20 μm, and a population of aggregates in the range 20--500 μm. Upon the application of US, narrower particle size distributions were observed, with more primary particles and only a limited amount of large aggregates formed due to acoustophoretic focusing, as was observed for the synthesis of CaCO~3~.

![Effect of US on the BaSO~4~ particle size distribution at flow rates of (a) 0.8 ml min^--1^ and (b) 1.2 ml min^--1^. The inserted tables show the average size (*D*~50~) and span (*D*~90~--*D*~10~) of the distribution with and without US.](c8lc00675j-f10){#fig10}

The acoustic focusing effect is more distinct for the flow rate of 1.2 ml min^--1^ where the amount of aggregates without sonication is larger compared to 0.8 ml min^--1^. Furthermore, for the flow rate of 0.8 ml min^--1^, a remarkable decrease in the width of the primary particle size distribution was observed under sonication. Small particles in the range 0.5--2 μm, which are present when no US is applied, are no longer observed under sonication, but a larger number of particles in the range 2--20 μm was observed. This observation can be explained by the fact that the acoustophoretic focusing effect can cause particles to interact and to form clusters or aggregates. It is reported that primary BaSO~4~ particles in the range of 0.1--1 μm have a large adhesive interaction potential, and thus form stable aggregates of a few micrometers, especially at high particle concentrations.[@cit53],[@cit54]

As a result of the acoustophoretic focusing, the span of the particle size distribution for both flow rates is significantly reduced. The span under sonication is only 28% and 8% of that without sonication for a flow rate of 0.8 and 1.2 ml min^--1^ respectively. These results clearly indicate that the developed acoustophoretic microreactor is also able to control the synthesis of denser particles.

IV.. Conclusions
================

A high frequency ultrasonic microreactor was developed to manage particles in flow and control the material synthesis process. The reactor was designed as a layered resonator, in which a standing wave is generated in both the depth and width direction of the channel, focusing particles to the channel centerline by the acoustophoretic force. Inert particle experiments show that the focusing effect exists in the entire channel, which has a large volume and a complex geometry, compared to the single straight channel used in most acoustofluidic chips. This focusing effect not only prevents clogging of the microchannel, but also leads to smaller particle sizes and a narrower size distribution. The reactive precipitation of calcium carbonate (CaCO~3~) was first studied as a model system. It was found that both the average size and span of the size distribution for the produced particles are reduced by one order of magnitude by sonication at higher flow rate. Furthermore, the application of US resulted in a stable pressure drop for long operation times, which conclusively illustrates that high frequency US effectively prevents channel fouling and clogging. The synthesis of BaSO~4~ was also investigated to further prove the applicability of the developed acoustophoretic microreactor. Narrower particle size distributions with a span of only 8--28% of the obtained span without sonication are observed, indicating that this method is also able to control the synthesis of denser particles. Another advantage of the developed ultrasonic microreactor is its high energy efficiency and the resulting low temperature rise, especially compared with low frequency reactors.
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